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I.A Fouling – A Brief Definition 
Fouling is defined as the accumulation of deposits on heat transfer surfaces. These 
deposits represent an additional resistance layer, which deteriorates the heat exchanger’s 
performance. Engineers are concerned with fouling because it leads to increases in 
design, manufacturing, and operating costs. 
In order to study the causes and effects of fouling, an understanding of how 
fouling takes place is important. There are six modes of fouling: 
1. Scaling: Precipitation of material dissolved in a fluid due to a change 
in the fluid’s temperature. 
2. Particulate fouling: Deposition of particles suspended in a fluid on a 
heat transfer surface. 
3. Corrosion fouling: Accumulation of deposits that result from an 
electro-chemical reaction in which the heat transfer surface takes part. 
4. Chemical reaction fouling: The deposition of particles that come from 
a reaction in which the fluid takes part. 




6. Freezing fouling: Solidification of a fluid on a heat transfer surface 
below the fluid freezing point. 
Fouling is a time-dependent phenomenon and is usually preceded by a nucleation 
period. Once fouling starts, it can follow three functional forms. Figure 1 presents the 
three types of behavior of fouling resistance with respect to time. A linear fouling rate 
means that the fouling resistance grows at a constant rate. A falling rate means that the 
rate at which the fouling layer grows decreases with time. Finally, an asymptotic fouling 
rate is the case where the fouling resistance approaches a limiting value over time. 
 
 
Figure 1. Fouling-rate Types. 
 
I.B Introduction to Cooling Towers and Enhanced Tubes 
Because of its natural abundance, non-harmful chemical composition, and 
suitable thermal properties, water is a frequently used fluid in heat exchangers. A cooling 
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tower is a common component of a building HVAC system. Figure 2 presents a 
schematic of a cooling tower. A cooling tower uses several steps (loops) to reject heat to 
the atmosphere. From a fouling perspective, the most critical loop is the “open 
recirculating loop” (see Figure 2) in which cooling tower water is exposed to the 
atmospheric air, and then circulated through a set of condenser tubes to be heated by a 
condensing refrigerant. 
Cooling tower water is a complex solution that contains many dissolved 
constituents. In addition, cooling tower water picks up particles (dust, for example) while 
in contact with the atmospheric air. These solutes and particles are the primary cause of 
fouling in condenser tubes. 
Because cooling tower water is treated with corrosion inhibitors and biocides, 
corrosion and biological fouling do not occur in the open recirculating loop. Moreover, 
no chemical reaction or freezing takes place in the condenser tube, so the only two 
fouling modes that are of concern in condenser tubes are particulate fouling and scaling 
(precipitation fouling). 
Another factor that affects fouling in the condenser tubes is the internal geometry 
of the tube. In recent years, the use of enhanced tube geometries has become widespread. 
Enhanced geometries can drastically improve the heat transfer properties of the 
condenser tube. One of the most common enhancement geometry encountered today is 
the helical fin. Figure 3 shows an example of helically-finned and axially-finned tubes. 
Several terms are used in the nomenclature of enhanced heat transfer to describe a 
helically-finned tube. These terms are the helix angle, the fin height, and the number of 




Figure 2. Schematic of a Cooling Tower (Meitz, 1999). 
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The fin height is the distance measured from the internal wall of the tube to the top of the 
fin. The number of starts refers to how many fins one can count around the circumference 
of the test tube. For example, the axially-finned tube of Figure 3 has eight starts. 
 
 
Figure 3. Axially-finned and Helically-finned Tubes. 
 
The current practice to account for tube fouling during the design of heat 
exchangers is to use a fouling resistance in the calculations for the overall heat transfer 
coefficient. The problem is that the existing fouling resistance factors are based on 
smooth-tube data (Somerscales, 1990), since the factors were obtained before the 
enhanced tube geometries were used. Recent studies (Webb and Kim, 1989, Webb and 
Li, 2000) suggest that the enhancements in the tube geometry may actually promote 
fouling to the point where the additional thermal resistance caused by fouling 
overwhelms the enhancement-resulting gain in the tube’s heat transfer performance. The 
reason could be that enhancement geometry creates additional surface area where the 
deposits can attach. Deposits can also fill in the space between fins (see Figure 3). 
 
I.C TRP-1205 
TRP-1205 is a project sponsored by the American Society of Heating, 
Refrigerating, and Air Conditioning Engineers (ASHRAE). The full title of the project is 
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“Water-Side Fouling Inside Smooth and Augmented Copper Alloy Condenser Tubes in 
Cooling Tower Water Applications.” This project has three objectives: 
1. Develop a water quality database for cooling tower water applications. 
2. Correlate fouling data with water quality. 
3. Experimentally determine the fouling of smooth and augmented tubes 
by directly using or simulating cooling tower water. 
These objectives are to be accomplished in three phases: 
Phase I: Perform a literature survey of the topic. 
Phase II: Collect and analyze cooling tower water samples to compile a 
database. 
Phase III: Perform a precipitation and particulate fouling experiment to 
determine the influence of tube geometry, water velocity, and water 
chemistry on fouling resistance. 
Phases I and II were performed by Tubman (Tubman, 2002) during his graduate work at 
Mississippi State University. This thesis focuses on Phase III, and more specifically, on 
the design of the experimental apparatus needed for Phase III. 
In order to fully satisfy the objectives of Phase III of the project, the experimental 
apparatus has to simulate, as closely as possible, the condenser of a cooling tower system 
chiller. To achieve this, a shell-and-tube (or double-pipe) heat exchanger must be used 
with water flowing in the inner tube and refrigerant condensing in the annulus. The 




I.D Phase III of TRP-1205 – Objectives 
The three objectives of Phase III are to experimentally determine the influence of 
(1) tube geometry, (2) water velocity, and (3) water chemistry on the water-side fouling 
of condenser tubes. Previous research (Li and Webb, 2000) demonstrated that the fin 
geometry (fin height, helix angle, and number of fin starts) affects fouling of condenser 
tubes. In order to study the influence of tube geometry on the fouling resistance (the first 
objective of Phase III), tubes with different internal fin geometries have to be tested at 
similar water-velocity and water-chemistry conditions. This can only be achieved if tubes 
with different fin geometries are placed in parallel. With this in mind, nine tube 
geometries to be tested were selected by the research team and approved by the Project 
Monitoring Subcommittee. Table 1 delineates tube geometries of the nine tubes. Each 
tube has the same outside fin geometry and outside diameter so that the outside heat 
transfer coefficient is equal for each test tube. The length of each tube is 10 ft. For 
installation purposes, six inches from both ends of the tube are unfinned.  
Table 1. Recommended Tube Geometries. 











1 0.75 0.612 0.015 25 10 
2 0.75 0.612 0.015 25 30 
3 0.75 0.612 0.015 48 30 
4 0.75 0.612 0.015 25 45 
5 0.75 0.612 0.012 35 45 
6 0.75 0.612 0.015 35 45 
7 0.75 0.612 0.020 35 45 
8 0.75 0.612 0.015 48 45 




Table 2 presents the dimensions of the tubes that were manufactured by Wieland-
Werke AG for Phase III of TRP-1205. 
Table 2. Manufactured Tube Geometries. 
Tube # External Structure Root Wall Internal Structure 





 (inch) (fins/inch) (inch) (inch) (inch) - (°) (inch) 
1 0.741 40 0.0372 0.0254 0.0150 10 25 0.616 
2 0.741 40 0.0364 0.0268 0.0148 30 25 0.615 
3 0.743 40 0.0370 0.0268 0.0150 30 48 0.615 
4 0.740 40 0.0364 0.0270 0.0150 45 25 0.613 
5 0.741 40 0.0354 0.0280 0.0122 45 35 0.614 
6 0.740 40 0.0366 0.0268 0.0150 45 35 0.613 
7 0.741 40 0.0368 0.0268 0.0201 45 35 0.614 
8 0.739 40 0.0364 0.0264 0.0150 45 48 0.613 
9 0.742 40 0.0366 0.0264 0.0000 - - 0.616 
 
The second and third objectives of Phase III are to determine the influences of 
water velocity and water quality on the fouling characteristics of condenser tubes. To 
satisfy the second objective, the Project Monitoring Subcommittee required the research 
team to perform tests with water velocities at 2 ft/s, 5 ft/s, and 8 ft/s, with the stipulation 
that the water velocity in each test tube must remain constant during a single test. An 
increase in the water velocity might increase the removal rate of the fouling deposits 
because of increased wall shear stress. To study the effects of water quality on fouling 
resistance in condenser tubes (third objective), the water chemistry of the simulated 
cooling tower water was mandated to vary between low, average, and high fouling-
potential conditions. 
The test parameters described above require nine conditions (three water qualities 
at three different velocities) per tube. Thus, nine test runs are required. The 
concentrations of different constituents for the three water qualities to be tested have not 
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yet been determined, but will come from the conclusions, now being discussed with the 
Project Monitoring Subcommittee, of Phase II of the project. 
 
I.E Measuring Fouling in Heat Exchangers 
Consider how fouling is measured. Somerscales (1990) presents the history of 
fouling research from its first appearance in the literature in 1756 to the “International 
Conference on the Fouling of Heat Transfer Equipment” in 1979. He portrays the origins 
of the fouling factor as a means of accounting for the fouling resistance in the design of 
heat exchangers. In 1941, the Tubular Exchanger Manufacturers Association (TEMA) 
first published a table of fouling factors for different fluids in a multitude of applications 
(Chenoweth, 1990). 





1R −=        (1) 
where Uf and Uc are the overall heat transfer coefficients for the clean and fouled 
conditions, respectively. Equation (1), the data reduction equation of the experiment of 
Phase III, requires two overall heat transfer coefficients to be measured. Therefore, the 
apparatus is first run at clean conditions (clean tube, distilled water) to determine the 
clean-tube overall heat transfer coefficient. Solutes are then added to the water to induce 
fouling and to determine the fouled-tube overall heat transfer coefficient. A key point is 
to maintain the same operating conditions (water velocity, chemistry, and heat supplied to 




The rate of heat transfer by a heat exchanger is 
LMTDAUQ ii ×=D       (2) 
where Ai is the inside surface area, Ui is the overall heat transfer coefficient based on the 
inside surface area, and LMTD is the log mean temperature difference. For comparison 
purposes, the inside surface area is based on the nominal tube diameter (Ai = π*ID*L). 
The log mean temperature difference for a double-pipe counterflow heat exchanger with 












=       (3) 







      (4) 
With the tube geometry and fluid temperatures known, the only missing information for 
finding Ui is the heat transfer rate, which can be found using an energy balance on the 
water flowing through the test tube: 
)T-(TcmQ inw,outw,wp,wDD =       (5) 
Thus, the fouling factor can be estimated with the following measurements: 
1. Water inlet temperature 
2. Water outlet temperature 
3. Refrigerant temperature 
4. Mass flow rate of the water 
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The experimentally-obtained fouling factor may possess an asymptotic behavior 
as illustrated in Figure 1. In such case, an exponential regression can be performed to the 
following equation: 
)e-(1R R -Bt*ff =        (6) 
where t is the time, Rf* is the asymptotic fouling resistance, and B is a constant. 










CHAPTER II  
EXPERIMENTAL APPARATUS DESIGN 
 
 
II.A Preliminary Data 
Each test will start with new tubes in clean condition. The alternative was to clean 
the tubes after each test with steel brushes. This alternative was rejected because there 
was no assurance that the cleaning would not affect the fouling rate of the cleaned tube. 
Design requirements for the experimental facility include: 
1. The apparatus must accommodate nine 10-foot-long tubes in parallel. 
2. The design must be versatile so that tubes can be changed easily. 
3. The water in the tubes must be able to flow at 2 ft/s, 5 ft/s, and 8 ft/s. 
4. There must be an annulus side around each test tube with condensing 
refrigerant. 
 
II.B Detailed Mechanical Design 
II.B.1 System Overview 
The design of the experimental apparatus started by utilizing the software 
AutoCAD 2000 to place the system components on a virtual lab floor. The system 
components are: nine test sections with refrigerant loops, water pump, water tank, 
draining valves, control panel, and water-cooling heat exchangers. The purpose of the 
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cooling heat exchangers is to reject the heat added to the test water in the condenser 
tubes. Because of space, the refrigerant loops are located underneath each test section. 
Figure 4 illustrates a preliminary system schematic drawn to scale. The schematic 
shows nine test sections placed in parallel (numbers 1 through 9) between two manifolds. 
According to the flow direction, the two manifolds are defined as the inlet and outlet 
manifold. Each test section is surrounded by a shell where the refrigerant condenses. 
From the mixing tank, the test water goes through the water pump into the cooling heat 
exchangers, and then through the inlet manifold, the test sections, the outlet manifold, 
and the return line back into the tank. 
The idea for the operation of the refrigerant loop is to use buoyancy forces to raise 
the refrigerant vapors into the annulus of the test section and to use gravity to drain the 
liquid out. Such a design requires no refrigerant pump or compressor. Figure 5 shows a 
preliminary schematic of the test section with the refrigerant loop. Refrigerant R-134a is 
stored in liquid form in a tank and is then evaporated with electric heaters so that vapors 
rise into the annulus. The vapor condenses on the outside of the test tube and flows back 




Because the condenser tubes to be tested are made of copper, copper was selected 
as the material for all of the piping. The original design water velocity was less than 10 
































diameters, which meant higher cost and difficulties with soldering and installation. Based 
on cost and availability, a 1⅜-inch diameter tube was chosen to be the basis of the design. 
The shell side of the test section has to be relatively large to ensure a uniform 
vapor distribution around a test tube and to accommodate the temperature and pressure 
sensors. For these reasons, a 3-inch diameter tube was selected for the shell. In the same 
manner, the inlet and outlet manifolds need to be large enough to be able to host the test 
sections. The manifolds were chosen to be 2⅝-inch in diameter. 
A ⅞-inch tube was selected to connect the test tube to the manifolds. This 
diameter matches the copper fittings that host the flow meter and the thermocouple. 
Reducing compression fittings are used to install a ¾-inch test tube in the test section. 
The pipes used in the refrigerant loop were chosen to be ⅞-inch diameter for the 
vapor supply line and ⅝-inch diameter for the liquid return line. Using a larger size for 
the vapor line promotes the proper circulation of the refrigerant. To further assure vapor 
circulation, the vapor line connects to the side of the shell to prevent the condensates to 
enter the vapor line. The liquid return line connects to the bottom of the shell to guarantee 
proper draining. These connections guarantee a counterflow arrangement. Except for the 
3-inch diameter shell, all of the copper tubing selected was type ACR (Air Conditioning 
and Refrigeration). 
 
II.B.3 Test Section Shell Design 
Since the experimental matrix (described in Section I.D) includes nine tests of 
nine tube geometries (a total of 81 tubes to be tested), the design of the test section shell 
has to be sufficiently flexible to allow frequent and rapid changing of the test tubes. For 
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this reason, the original plan was to use 3-inch ground-joint fittings (unions) on both 
sides of the test section shell, as shown in Figure 6. When a test tube would be changed, 
one end of the shell would be unsoldered from the tube, and the union at the other end 
would be opened. Due to leaks, this design was changed and unions were eliminated. A 
more detailed description of the new arrangement is given in Section IV.B. 
 
 
Figure 6. Shell Union. 
 
II.B.4 Valves 
The apparatus has two drain valves. The first one is located upstream of the inlet 
manifold, and the second one on the return line. The drain valves are installed to obtain 
water samples during the test and to be able to drain the system after a test is performed. 
The water-side of the test section contains one valve at the inlet and one at the 
outlet of a test tube, which allows for control of the water flow or isolation of a test 
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section from the system to change a test tube. The test tube water velocity of 2 ft/s, 5 ft/s, 
or 8 ft/s is achieved by manipulating either the pump discharge valve or both of the test 
section valves. 
The design of each refrigerant loop includes refrigerant ball valves on the vapor 
supply and the liquid return lines. Closing these valves isolates the shell from the 
refrigerant tank during the replacement of a test tube. 
 
II.B.5 Mixing Tank 
The test water solution is prepared and monitored in the mixing tank. The size of 
the tank has to be greater than the total volume of the system so that a solution can be 
prepared in the tank first and then circulated through the system. The volume of the 
system was found by adding the volumes of the individual pipe segments. The diameter 
of each segment was known and the lengths were estimated from Figure 4. The total 
volume of the system was estimated to be 18 gallons. 
Diverse Plastic Tanks, Inc recommended a 65-gallon conical bottom tank with a 
steel stand. The tank has a conical bottom to prevent possible settlement of particles, 
which could affect the fouling potential of the test water. A drawing of the tank is 
included in Appendix A. 
 
II.B.6 Water-cooling Heat Exchangers 
The purpose of the water-cooling heat exchangers is to remove the heat added to 
the test water by the refrigerant condensing in the test sections. The first idea was to 
connect the hot test water to a 10-ton condenser that was available from the Two-Phase 
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Flow Lab (Patterson 100-E) and to run city water through the condenser’s cold line. The 
maximum water flow-rate rating of the 10-ton condenser is 32 gal/min. The maximum 
volumetric flow rate of the test water was calculated (see Pressure Drop Calculations in 
Appendix B) to be 66 gal/min, which corresponds to a water velocity of 8 ft/s in the test 
tubes. A second 10-ton condenser was purchased and connected in parallel to reduce the 
water flow rate to an acceptable level of 33 gal/min through each condenser. Both 10-ton 
condensers are models S-10-I from Edwards Engineering Corp. Refer to Appendix A for 
a specification sheet of the S-10-I. 
 
II.B.7 Pressure Drop and Pump Selection 
The pressure drop and the flow rate determined the size of the water pump needed 
for the experiment. Appendix B presents detailed calculations of the pressure drop 
through the system. Pressure drop through each test section was calculated by Tubman 
(2002) and was based on experimentally-determined friction characteristics equations for 
internal helical-rib roughness (Webb, Narayanamurthy, and Thors, 2000). Calculations 
were made for all three water velocities. Loss coefficients for the valves were taken at 
half-closed condition for more conservative calculations. Pressure drop through the 
water-loop heat exchangers was modeled as flow through parallel pipes with the 
appropriate loss coefficients for bent tubing and was compared with the manufacturer’s 
specifications (see Appendix A). The pressure drop values agreed closely. 
The head at the highest test water velocity (8 ft/s in test tubes, 66 gal/min total 
volumetric flow rate) was determined to be 218.5 ft. Tencarva Machinery Co. was 
contacted to get a quote for a pump that meets the calculated head and flow rate 
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specifications. Tencarva suggested using the Goulds Pumps Model 3756 1X2-7. This is a 
close-coupled, bronze-fitted pump powered by a 3-phase, 2-pole, 3500-RPM, 10-hp 
motor. The manufacturer’s specification sheet and pump curves are included in Appendix 
A. 
 
II.B.7.a Vibration Isolators 
Vibration isolators are rubber dampers that are installed under the pump to limit 
the noise and vibration of the piping and pump assembly. The design includes four 
Karman Rubber type-A cylindrical isolators 1 9/16-inch-diameter and 1-inch high. A 
catalog page showing the vibration isolators is included in Appendix A. 
 
II.B.8 Refrigerant Tanks 
The selection of the refrigerant tanks was problematic because none of the ones 
available on the market met the project’s requirements. As described in Section II.B.1, 
the refrigerant tanks hold R-134a at boiling conditions. Vapors rise into the test section 
by means of buoyancy and return in liquid form due to gravity. In order to achieve this 
circulation, the tank has to have an outlet at the top and an inlet at the bottom, and electric 
ring heaters placed above the inlet. 
Suction accumulators were first examined. In a regular air conditioning system, 
the suction accumulator has an internal U-tube to help separate vapors from liquid before 
the refrigerant is fed to the compressor. Several manufacturers were contacted to see if 
the design could be modified by removing the internal U-tube. Refrigeration Research, 
Inc., bid a modified steel accumulator rated for a burst pressure of 450 psi. Refrigeration 
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Research also agreed to install copper stubs on the steel nipples in order to facilitate the 
soldering of the test section copper piping. Appendix A includes a detailed drawing of the 
modified suction accumulator (refrigerant tank). 
 
II.B.9 Rupture Discs 
The rupture discs were incorporated into the design for mechanical safety. The 
discs are installed in the refrigerant tanks. The function of the rupture discs is to burst in 
case the pressure in the tank exceeds 200 psig. Figure 7 is a drawing of a rupture disc. 
The discs are made of graphite and are placed between two rubber gaskets and ANSI 
steel flanges. The flanges are secured with four bolts tightened to 10 ft*lb of torque. The 
rupture discs were special-ordered from Graphilor Carbone of America. A specification 
sheet for the rupture discs is included in Appendix A. 
 
 
Figure 7. Rupture Disc. 
 
II.B.10 Refrigerant Heaters 
The purpose of the refrigerant heaters was to supply the heat needed to evaporate 
the refrigerant. The heaters are sized according to a calculation performed on the water-
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side of the test section (see Calculations of Refrigerant Heat Loads in Appendix B). The 
increase of the water temperature across the test section was assumed to be at least 3°F in 
order for the data to be relevant. Using the first law of thermodynamics and assuming no 
heat losses to the surroundings, 3250 W of power need to be supplied to the refrigerant 
tank to increase the temperature of the test water (flowing at 8 ft/s) by 3°F. 
 
II.B.10.a Ring Heaters 
The design of the ring heaters has to be such that the heaters can be installed 
around a refrigerant tank. Two smaller heaters, instead of one large one, were selected in 
order to be able to supply less heat for the tests at lower water velocities. Two 2250-W 
ring heaters made by Omegalux were chosen as the best alternative. They are 8½-inch 
diameter, 2½-inch thick, and can be powered by a 240- or 480-V AC. A ring heater 
specification sheet is provided in Appendix A. 
 
II.B.10.b Tape Heaters 
A wrap-around tape heater is installed on each shell-side inlet tube to provide the 
energy required to feed superheated refrigerant into the test section. The selected tape 
heater is a 1-inch wide, 6-ft long strip connected to a 240-V outlet through a percentage 
controller, having a maximum output power of 432 W. The tape heater was also 






Several parts of the apparatus are insulated for safety reasons and in order to limit 
losses of heat assuring more accurate temperature readings. Half-inch thick elastomeric 
pipe insulation was purchased from Manhattan Supply Co. for the inlet manifold, and the 
test section water tubing and shell. Air duct insulation was purchased for the refrigerant 
tanks and heaters. Appendix A includes pipe insulation specifications. 
 
II.C Data Acquisition System 
II.C.1 Transducers 
As described in Section I.E, the following variables have to be measured during 
the experiment: test tube water inlet temperature, water outlet temperature, water flow 
rate, refrigerant temperature, and refrigerant pressure. The following subsections describe 
in more detail each transducer used in the apparatus. 
 
II.C.1.a Thermocouples 
Because of its simplicity, the thermocouple was chosen to measure the water and 
refrigerant temperatures. Instead of using nine separate thermocouples to measure the 
water temperature at the inlet of every test section, one thermocouple measures the 
temperature of the water inside the water inlet manifold. The temperature of the water in 
the inlet manifold is taken as the water inlet temperature for every test section, 
consequently reducing the number of thermocouples needed. From the Omega catalog, 
the Type-T thermocouple was determined to be the best-suited type for the experiment. A 
Type-T thermocouple with a 3-inch long, ¼-inch NPT pipe plug probe and 30 feet of 
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thermocouple wire was special-ordered from Omega. The thermocouple specification 
sheet is provided in Appendix A. 
 
II.C.1.b Flow Meters 
To measure the water flow rates, the FP-5300 paddle wheel flow sensor from 
Omega Engineering was chosen. This flow meter has a velocity range of 1 to 20 ft/s and 
works on a simple principle. Four permanent magnets, mounted in the rotor blades, spin 
past a coil in the sensor body. As the fluid flow causes the rotor to move, a sine-wave 
signal is produced, directly proportional in amplitude and frequency to the flow rate. An 
FP-5300 flow sensor specification sheet is attached in Appendix A. In addition to the 
flow meter, a special copper installation fitting, namely the FP-5307CU, was purchased. 
A catalog page with the FP-5307CU fitting can be found in Appendix A. 
 
II.C.1.c Pressure Transducers 
For more accurate pressure readings, an absolute pressure transducer was initially 
considered. The highest range available on an absolute pressure transducer was 300 psia. 
A higher range was desired so that the pressure sensor could be used in the future for 
other projects. Therefore, a 500-psig model with a ¼-inch NPT connection was 
purchased from Omega Engineering. Appendix A contains a specification sheet for the 




II.C.2 Transducer Calibration 
The flow meter was calibrated by placing it in the same assembly as the one used 
in the real apparatus and connecting the assembly to a water hose. The flow meter leads 
were connected to an oscilloscope. The water coming out of the flow meter assembly was 
captured in a tub, which was placed on a balance. The time it took the tub to fill and the 
weight of the water in the tub were recorded. At the same time, the frequency of the 
output signal was recorded. The resulting calibration curve of the mass flow rate versus 
frequency is shown in Appendix B. 
The pressure transducer was calibrated with a calibrating device from Amthor 
Testing Instrument Co., Inc. This device uses an oil chamber connected to a cylinder with 
a 1-square-inch piston. The pressure of the oil in the chamber is varied by placing 
weights on the piston. The pressure transducer to be calibrated is connected to the 
calibrating device to read the pressure of the oil. The calibration of the pressure 
transducer was performed by adding weights on the piston in increments of 5 lbs and 
recording the output voltage of the transducer to obtain a calibration curve attached in 
Appendix B. 
The thermocouples were not calibrated since accurate calibration plots for a Type-
T thermocouple are commonly available. 
 
II.C.3 SCXI Modular System 
SCXI stands for Signal Conditioning eXtensions for Instrumentation. It is a signal 
conditioning system marketed by National Instruments of Austin, Texas. Any SCXI data 
acquisition system is composed of the following items: 
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1. Chassis. The chassis provides power to the SCXI modules, and 
handles all signal routing between the SCXI system and the DAQ card. 
2. Modules. Modules connect to the chassis, and condition analog and 
digital signals. 
3. Terminal Blocks. Terminal blocks connect the I/O signals (e.g. 
transducers) to SCXI modules. 
4. Cable Assemblies. Cable assemblies connect the SCXI chassis to the 
digitizer (DAQ card). For a single-chassis system, only one cable is 
needed. 
5. Measurement/Control Device. This device acquires conditioned 
signals from the SCXI system and controls the SCXI system. This 
device is typically a DAQ card. 
6. Optional Accessories. These are items such as batteries for portable 
applications and rack-mounting kits. 
The SCXI system used in Phase III is composed of an SCXI-1000 chassis, an 
SCXI-1102C module with an SCXI-1303 terminal block, an SCXI-1100 module with an 
SCXI-1303 terminal block, and an SCXI-1163R module with an SCXI-1326 terminal 
block. The SCXI-1102C module handles temperature readings, the SCXI-1100 handles 
pressure and flow-rate readings, and the SCXI-1163R is a safety switch that turns the 
system off in case prescribed conditions occur (see Section II.D). The SCXI chassis is 
connected to a DELL Pentium 4 personal computer and is controlled by a National 
Instruments DAQCard-AI-16XE-50 data acquisition card. Appendix A includes detailed 
information about the SCXI chassis and modules. 
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II.C.4 Data Acquisition Program 
The program that controls the SCXI system and records transducer measurements 
is written in LabVIEW 6.1 from National Instruments. The purpose of this program is to 
determine and display water temperatures and flow rates, refrigerant pressures and 
temperatures, overall heat-transfer coefficients and fouling resistances of the test tubes. 
Current readings, plots, and user-input information are viewed and modified through a 
control panel, shown in Figure 8. The control panel displays numeric values of the 
current measurements and graphs past readings. The graphs are helpful in determining 
the time behavior of each variable. The following variables must be specified to start the 
program: tube dimensions, number of past measurements to display on the plots, clean-
tube overall heat-transfer coefficients, time between consecutive scans, the units system, 
and whether or not each tube is connected. Except for the number of past measurements 
to display on the plots and the units system, every input variable can be changed while 
the program is running. 
Every time a reading is taken, 600 measurements are acquired from each 
transducer at a rate of 300 scans per second. The measurements are then averaged to give 
a single value for a single-time. Since flow meters output an AC signal, the program 
counts the number of peaks and valleys for each flow meter, and divides that number by 
two to obtain the number of cycles. Then, this number is divided by two seconds (the 
time it takes to scan a single flow meter channel) to obtain the signal frequency. The 
method in which the frequency of the signal is determined contributes to the uncertainty 
























The readings are saved to a spreadsheet file every ten minutes. The user can copy 
the file while the program is running and look at the data recorded from the beginning of 
the test up to the point when the file was copied. These data can be further processed or 
plotted within the spreadsheet. 
 
II.D Safety 
Because of hot tanks containing pressurized refrigerant, several safety precautions 
are incorporated in the design. The safeties consist of a relay (controlled by the 
LabVIEW program) capable of shutting the whole system down, one rupture disc in each 
tank, and a mechanical stop button placed on the electrical control panel. The relay will 
turn everything off if one of the following conditions below is encountered: 
1. Refrigerant temperature reaches or exceeds 120 °F in any of the test 
sections. 
2. Refrigerant pressure reaches or exceeds 186 psia in any of the test 
sections. 
3. Water velocity drops below 0.7 ft/s in any of the connected test tubes. 
4. The user-interface stop button is pushed. 
These safety limits were thought to be adequate because of the expected refrigerant 
operating conditions (a boiling temperature of approximately 100°F). The 186 psia safety 
condition is the boiling pressure of R-134a at 120°F. The water velocity constraint is set 
to prevent any of the tubes from becoming completely clogged due to excessive fouling 
or in case there is a large leak and the pump starts running dry. If a test section is 
disconnected from the system while the test is running, a “tube connected?” toggle switch 
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is turned off in the control panel so that the LabVIEW program does not apply the water 
velocity condition to the unused test section. Nevertheless, the refrigerant and pressure 
safety conditions apply even to the disconnected test section. All of the LabVIEW safety 
constraints can be modified before each test. 
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CHAPTER III  
EXPERIMENTAL APPARATUS ASSEMBLY 
 
 
III.A Supporting Structure 
The construction of the experimental apparatus began with the assembly of the 
supporting structure (shown in Appendix C). The structure was made out of aluminum 
beams that could be bolted to each other at any location. Using bolted aluminum beams 
made the structure light, flexible, and easy to assemble. 
 
III.B Apparatus Assembly 
The assembly of the piping began by laying out the test sections, the inlet, and 
outlet manifolds on the floor next to a measuring tape. This allowed for the piping to be 
cut into correct lengths so the pieces would fit together precisely. The pieces were joined 
together with high-melting-temperature silver solder. To facilitate the changing of the test 
tubes, low-melting-temperature soft solder was used to install the test tube in the annulus. 
Appendix C contains several photographs of the apparatus assembly process, including 
photographs of the test section construction and an assembled outlet manifold. 
Once the test sections and manifolds were assembled, they were placed on the 
supporting structure so that the transducers could be installed. The test sections were then 
connected to the water manifolds. Next, the inlet and outlet manifolds were connected to 
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the water supply and return lines, respectively. Subsequently, the entire system was 
connected to the refrigerant tanks, the water pump, the mixing tank, and the water-
cooling heat exchangers. Finally, the rupture discs and the ring and tape heaters were 
placed on the refrigerant tanks. Appendix C shows photographs of the progressive 
assembly of the system (installed test sections, mixing tank and pump, water-loop heat 
exchangers, rupture discs, and completed experimental apparatus). The last step was to 
insulate the inlet manifold, the test sections, and the refrigerant tanks. 
 
III.C Power 
In order to overcome the electric limitations of the existing electrical wiring, one 
480-V, 100-A service was added to the laboratory. This power service feeds all system 
components via appropriate transformers and a control panel. The control panel holds all 
of the fuses and switches. The switches include a main ON/OFF switch, a pump ON/OFF 
switch, a stop button, LabVIEW-controlled safety relays, and an ON/OFF switch for 
every band heater (18 total). However, as a safety precaution, the ring heaters cannot be 




CHAPTER IV  
SYSTEM QUALIFICATION AND MODIFICATIONS 
 
 
IV.A Supporting Structure 
During the construction of the experimental apparatus, the previously-assembled 
supporting structure was under too much stress and was not stable with the center beams 
bowing. Aluminum beams were used to reinforce the structure. As shown in Figure 9, 
two additional legs were installed in the center of the assembly. Furthermore, as pictured 
in Figure 10, extra beams were added in the corners. The reinforcements made the 
supporting structure stiffer and stronger. 
 
IV.B Shell Design Modification 
After the test sections were assembled, they were charged with pressurized air in 
order to find any leaks. To detect leaks, the shells were sprayed with soapy water since 
air leaks would create bubbles. Nearly all of the shells leaked around the threaded 
ground-joint fittings (shown in Figure 6). Several sealants were applied to try to stop the 
leaks but nothing worked. The design had to be modified to reduce or eliminate the large 
threaded areas. 
The ground-joint fittings were removed and smaller concentric reducers were 





Figure 9. Additional Center Legs. 
 
 




shows a leaking union, and Figure 12 pictures the new design with a silver-soldered small 
concentric reducer. This shell modification solved the leak problem. Figure 13 is a 




































Regular duct insulation was installed around the tank and the ring heaters. The 
purpose of the insulation around the ring heaters was to prevent heat losses and to protect 
personnel from the high voltage heater wiring. When both heaters were turned on, the 
insulation started smoking due to excessive temperature. The purchase of high-
temperature insulation was investigated but the price was too high. Thus, the insulation 
was removed from the tanks and fiberglass protections were installed around the wiring 
of each tank heater (as shown in Figure 14). 
 
 




IV.D Mixing Tank 
When the pump was turned on, the water in the mixing tank was very agitated and 
many air bubbles were present. These bubbles could be dangerous if they traveled down 
to the pump (cavitation). In order to decrease the turbulence of the water in the mixing 
tank, a system of baffles that can be installed and removed from that tank within minutes 
was constructed. The baffles were made out of an old PVC pipe. The baffles have not 
been tested. 
 
IV.E Data Acquisition System 
Once the leaks in the system were fixed, the data acquisition system was tested. 
The first problem encountered was the signal noise associated with the flow meters. 
Because of their design (refer to Section II.C.1.b), the flow meters had very low input 
impedance. This caused a current leak within the module from one flow meter to the next 
one in the scanning sequence. An increase in the inter-channel delay, to let the noise die 
out before scanning the next flow meter, could not be done. Instead, each flow meter 
channel in the SCXI-1100 module was isolated with one empty channel. The empty 
channels were set to read zero Volts by placing a jumper wire across their positive and 
negative connectors. With this set up in place, only odd channels were read by the data 
acquisition program and the noise was eliminated. 
Another problem encountered was the memory used by LabVIEW. When left 
running, the data acquisition program would stop after 20 hours of operation and list an 
“out of memory” error. After many hours of research, some commands in LabVIEW 
were found to cause memory leaks. The subroutine that was causing the memory leak 
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was the “delete from array” command, which was used to clear the graphs’ history. To 
solve the problem, the “delete from array” command was removed and the program was 
set to use “charts” instead of “graphs.” Charts clear their history automatically so the 
memory leak problem did not occur. 
 
IV.F Water-loop Heat Exchangers 
A test run of the apparatus was performed. Each refrigerant tank was charged with 
20 lbs of R134a. One band heater (2250 W) was turned on around each refrigerant tank. 
The city water flowing through the cold lines of the two water-cooling heat exchangers 
was turned to full flow. The water velocity in the test sections varied between 6 ft/s and 7 
ft/s. Once steady-state conditions were obtained, the refrigerant saturation temperature 
reached about 105°F, and the average test water inlet temperature was about 98.5°F. The 
average water outlet temperature was about 100°F, which means that temperature rise 
across each test section was only 1.5°F. To solve this problem, the inlet temperature of 
the test water can be lowered by running chilled water in the cold lines of the water-
cooling heat exchangers. This idea is currently being investigated by the research team. 
 
IV.G Uncertainty Analysis 
The data obtained from the test run allowed the research team to get an idea of the 
uncertainty associated with the measured fouling resistance. Before performing an 
uncertainty analysis of the data reduction equation, the uncertainty of the mass flow rate 
calibration curve had to be obtained. Whenever dealing with calibration plots, the 
uncertainty of the Y-value depends on the position on the X-axis (Coleman and Steele, 
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1999). In the case of the mass flow-rate calibration curve, X is the frequency measured 
and Y is the mass flow rate obtained from the calibration curve equation. The uncertainty 
is the smallest in the middle of the plot and highest at the ends of the plot. 
Appendix B presents a detailed Mathcad worksheet used to obtain the uncertainty 
of the mass flow rate calibration plot. The uncertainty was calculated for the range of 
frequencies obtained in the calibration process. The mass flow-rate uncertainty values 
were plotted and a quadratic least squares regression was performed to obtain an equation 
for the uncertainty of the mass flow rate. 
Once the uncertainty of the mass flow rate was known, the next step was to use it 
in the fouling resistance uncertainty propagation equation. The detailed calculations are 
shown in the Mathcad worksheet in Appendix B. For the measurements obtained during 
the test run, the calculated uncertainty is 48% of the resulting fouling resistance. 
The relative uncertainty in the fouling resistance obtained from the test run is 
high. At this point of the project, the uncertainty can be reduced by tuning the log mean 
temperature difference. The first option is to vary the test sections water inlet 
temperature, which can be achieved by manipulating the flow rate through the cold lines 
of the water-cooling heat exchangers. The second option is to vary the saturation 
temperature of the refrigerant. This alternative can be achieved by switching on both ring 
heaters around each refrigerant tank, or by manipulating the percentage controller of the 
tape heater. Table 3 shows the influence of the variation of the water inlet temperature on 
the relative uncertainty in the fouling resistance. Table 4 shows the influence of the 
variation of the refrigerant saturation temperature on the relative uncertainty in the 
fouling resistance. Both tables were generated by taking the measurements obtained 
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during the test run and varying only the inlet water temperature for Table 3, and only the 
refrigerant saturation temperature for Table 4. The values of the remaining variables were 
held constant. Both tables show that there is a point of minimum uncertainty in the 
fouling factor. 











Uncertainty in Rf 
(%) 
+0.5 2.553 1.897 58.5 
0 2.763 2.099 48.7 
-0.5 2.965 2.292 41.8 
-1 3.160 2.477 38.0 
-1.5 3.349 2.655 36.7 
-2 3.533 2.828 36.8 
-2.5 3.712 2.996 37.8 
-3 3.888 3.161 39.5 
-3.5 4.060 3.322 41.4 
-4 4.228 3.479 43.6 
-4.5 4.394 3.634 45.8 
-5 4.557 3.787 48.1 
 
 












Uncertainty in Rf 
(%) 
-0.5 2.244 1.566 49.9 
0 2.763 2.099 48.7 
+0.5 3.277 2.619 45.9 
+1 3.787 3.132 42.3 
+1.5 4.294 3.642 38.2 
+2 4.800 4.149 34.2 
+2.5 5.305 4.654 30.9 
+3 5.809 5.159 29.3 
+3.5 6.312 5.662 30.9 
+4 6.815 6.165 36.7 
+4.5 7.317 6.668 46.8 








Several conclusions can be drawn from the design, assembly, and modifications 
of the experimental apparatus. The following is a list of ten recommendations for 
building a similar apparatus. 
1. Use a large mixing tank. 
2. Have the necessary equipment to guarantee adequate cooling of the 
test water. 
3. Limit the use of threaded surfaces to avoid water or refrigerant leaks. 
4. Be conservative in the evaluation of the water pressure drop through 
the apparatus. 
5. Make sure the supporting structure is sturdy. 
6. Check in advance the power capabilities of the laboratory. 
7. Be very familiar with LabVIEW, and run the data acquisition program 
on a stable computer system. 
8. Ensure the safety of the laboratory and its users by implementing 
electronic and mechanical safety systems. 
9. Perform a general uncertainty analysis prior to the experiment to 
identify the variables that contribute the most to the overall uncertainty 
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in the fouling factor. Use the results to select optimal transducers and 
measurement methods. 








VI.A Water Chemistry 
Before Phase III of the project can begin, the Project Monitoring Subcommittee 
must approve the three chemistry conditions of the test water (low, average, and high 
fouling potential). This decision will be based on the results of Phase II (Tubman, 2002) 
as well as additional information found in the literature (Li et al., 2001). The test water 
preparation procedure has already been devised with the help of the Mississippi State 
Chemical Laboratory. Only the constituents and concentrations have to be specified to 
start testing. 
 
VI.B Experimental Apparatus 
The immediate task is to test the influence of the tank baffles on the formation of 
air bubbles in the test water. The next possible undertaking is to install the chilled water 
line in the laboratory and to connect it to the cold line of the water-loop heat exchangers. 
Finally, if time and money allow, high temperature insulation needs to be installed 
around the refrigerant tanks. These tasks and modifications are not necessary to perform 
any of the tests. 
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VI.C Experimental Procedure 
An experimental procedure, already devised, will be discussed with the Project 
Monitoring Subcommittee. The mixing tank and the apparatus will be filled with distilled 
water. The pump will be turned on, and the valves will be adjusted so that the water 
velocity in each test tube reaches the desired value. The ring heaters will be turned on 
around each tank, and the tape heaters will be adjusted to give the required superheat. 
Once steady-state conditions are reached, the clean-condition overall heat-transfer 
coefficient will be obtained for each test tube. 
On the same day, the employees of the Mississippi State Chemical Laboratory 
will add the foulants to the distilled water. Appropriate amounts of the reagents will be 
dissolved in five gallons of distilled water for dilution to the desired values in 75 gallons 
(approximate volume of the system) upon introduction into the system. Once the spiking 
solution is added and the container holding the solution rinsed three times, the system 
will be allowed to run several minutes before taking a sample for pH measurement. 
Concentrated HCl will be added until the pH reaches approximately 9 by checking with 
pH paper. At that point, a water sample will be taken as a baseline (t = 0) to be used for 
comparisons of chemical quality over time. The test water will run continuously during 
the addition of the chemicals and the entire course of the experiment. Water samples will 
be taken every week to ensure a constant water quality. 
Once the tests are performed and the data are available, a least squares fit to the 
fouling resistance factors will be performed. The acquired data will also be used in 
attempt to obtain a model predicting the fouling resistance in helically-finned tubes. If 
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B1. Test Section Pressure Drop Calculations 




































































Number of starts: 
ns TubeGeometries
3〈 〉:=  
Physical properties of water: assumed temperature of 70 F 






























Mass flow rates of water: 
mdothigh vhigh ρ⋅ Ac⋅:=  
mdotavg vaverage ρ⋅ Ac⋅:=  
mdotlow vlow ρ⋅ Ac⋅:=  
















































































































































































































Calculations for High Test Tube Water Velocity. 
Entrance head loss: 
For a tee, used as an elbow entering the branch 










Head loss due to globe valve upstream of the test section: 
Globe valve half Open 










Head loss due to union: 












Head loss due to friction over the test section: 
Length of the test section: 




















































Head loss from flow meter: 
For a rotary-type flow meter with a star-shaped disk 










Head loss over thermocouple mounting: 
For a tee with the branch blanked off 












Head loss through downstream globe valve: 
Fully-open globe valve 










Head loss at exit (tee branching flow): 










Head loss for connecting tubing: 
Relative roughness for drawn tubing 




















Approximate total length of tubing connecting the instruments 



















Total head loss: 






































Calculations for Average Test Tube Water Velocity. 
Entrance head loss: 
For a tee, used as an elbow entering the branch 






Hi 0.583ft=  
Head loss due to globe valve upstream of the test section: 
Globe valve half open 






Hgv 1.748 ft=  
Head loss due to union: 








H u 0.016 ft=  
Head loss due to friction over the test section: 
Length of the test section 

















































Head loss from flow meter: 
For a rotary-type flow meter with a star-shaped disk 






Hfm 3.885 ft=  
Head loss over thermocouple mounting: 
For a tee with the branch blanked off 








Hth 0.155 ft=  
Head loss through downstream globe valve: 
Fully-open globe valve 






H GVO 0.066 ft=  
Head loss at exit: 






H exit 0.389 ft=  
Head loss for connecting tubing: 
Relative roughness for drawn tubing 




















Approximate total length of tubing connecting the instruments 



















Total head loss: 



































Calculations for Low Test Tube Water Velocity. 
Entrance head loss: 
For a tee, used as an elbow entering the branch 






Hi 0.093 ft=  
Head loss due to globe valve upstream of the test section: 
Globe valve half open 






H gv 0.28 ft=  
87 
 
Head loss due to union: 







3−× ft=  
Head loss due to friction over the test section: 
Length of the test section 

















































Head loss from flow meter: 
For a rotary-type flow meter with a star-shaped disk 






Hfm 0.622 ft=  
Head loss over thermocouple mounting: 
88 
 
For a tee with the branch blanked off 





Hth 0.025 ft=  
Head loss through downstream globe valve: 
K GVO .17:=  






H GVO 0.011 ft=  
Head loss at exit: 






H exit 0.062 ft=  
Head loss for connecting tubing: 
Relative roughness for drawn tubing 




















Approximate total length of tubing connecting the instruments 
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Total head loss: 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B3. Calculations of Refrigerant Heat Loads 
Fluid properties and tank dimensions: 
Outside diameter: 
OD tank 8.625 in:=  
Tank thickness: 
t tank 0.188 in:=  
Tank height: 
h tank 18in:=  
Internal Diameter 
IDtank ODtank ttank−:=  








































⋅ htank⋅:=  
Vtank 4.356 gal=  





M R134a 42.821 lb=  
Water inlet and outlet temperatures: 
TH2Oin 70 460+( )R:=  
TH2Oout TH2Oin 3R+:=  





























Mass flow rate of water: 

































Energy required to boil the refrigerant: 
UfgR134a MR134a ugR134a ufR134a−( )⋅:=  
UfgR134a 2.936 10
6× J=  
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f 1 f 2 f 3 f 4 f 5 f 6 f 7
           
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C1. Supporting Structure 
C2. Test Sections Lay Out 
C3. Outlet Manifold 
C4. Installed Test Sections 
C5. Mixing Tank and Pump 
C6. Water-Loop Heat Exchangers 
C7. Rupture Disc 
C8. Control Panel 
C9. Completed Experimental Apparatus 
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C8. Control Panel 
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